Extreme morphologies are often associated with extreme demands on performance in a given ecological setting. Even though such extreme morphologies are relatively rare, the craniate trophic system provides many examples of this evolutionary trend despite its highly integrated nature and intrinsic complexity. In this article, as an introduction to the special issue on functional consequences of extreme adaptations of the trophic apparatus in craniates, we survey case studies highlighting the occurrence of extreme morphologies in the trophic system in craniates and briefly review a number of associated conceptual issues: (1) Are extreme morphologies associated with constrained functional versatility? (2) Do high-performance systems necessarily involve extreme morphological adaptations? and (3) Do extreme morphologies limit functional and ecological capacities? An overview of the case studies presented here shows that the craniate trophic system is a suitable model system to explore the evolution of extreme morphologies but currently provides no clear-cut answers to conceptual issues addressed.
Introduction
This article provides the introduction to a compilation of papers on extreme morphologies and the functional consequences thereof in the feeding system of craniates. However, one may ask, Why study such extreme morphologies, such aberrant creatures and freaks of nature as chameleons, mole-rats, or seahorses? Although part of the answer of this question can be provided by man's basic fascination with the bizarre, from a scientific point of view, the study of extreme morphologies is readily justified by the Krogh principle: "there will be some animal of choice or a few such animals on which it [a physiological question] can be most conveniently studied" (Krogh 1929, p. 247) . Even more so than understanding specialization as a process of fundamental importance to functional morphologists and ecologists (Ferry-Graham et al. 2002 ) is understanding the evolution toward extreme specializations. Indeed, insights into many basic scientific problems can be gained by studying extreme morphologies, as they exemplify the limits to which organismal design can be driven and often best and most clearly illustrate the basic design principles at work (Krebs 1975) .
However, despite the fact that extreme morphologies are often rare, they can be selected for in certain cases. Indeed, although more often than not selection favors average phenotypes in most environments because of the variable nature thereof (Ridley 2003) , both disruptive selection and directional selection can lead toward extremes in the range of possible phenotypes (not excluding other hypothetical indirect scenarios of selection; Barker and Cummins 1969; Ricker 1981; Gross 1985; Santos 1996; Benkman 2003; Bolnick 2004) . Obviously, extreme phenotypes will only be selected for if they are associated (directly or indirectly) with a fitness advantage in their current ecological setting (Ridley 2003) . Extreme morphologies are thus, by definition, expected to be associated with exceptional functional capacities in specific ecological settings. It could be argued, however, at what point a morphology can be considered extreme. Because there is clearly no objective threshold that could be assigned to demarcate whether something is extreme or not, no clear-cut definition can be given that covers all potentially extreme morphologies (and hence extreme functionalities). Within the context of this paper, we refer to "extreme" when morphologies and functionalities can be considered extraordinary, thus at the tails of normally distributed phenotypic variation around a mean (with the "mean reference" being an individual or a species, depending on the level of comparison). Consequently, extreme morphologies can be identified and interpreted only in the light of morphologies typically observed within a group, making the study of extreme morphologies a comparative endeavor by definition.
The evolution toward extreme phenotypes appears at first sight paradoxical; the more specialized the organism becomes, the less versatile the system, and the higher the probability of extinction when faced with variable and changing environments (but see below; Ralston and Wainwright 1997; Ferry-Graham et al. 2002; Bellwood et al. 2006) . Even defining what is a "specialization" can be a subject of discussion, as it is difficult to formulate an unambiguous definition that covers the term (and process behind it) as interpretable under different discipline-bound criteria (Ferry-Graham et al. 2002) . A well-known example is that of the egg-eating snakes of the genus Dasypeltis. In their specialization toward the ingestion of eggs, these snakes have lost most of their teeth. Consequently, they cannot capture and transport other prey types and are stuck in an ecological and evolutionary dead end in being obligate egg eaters (Gans 1952 (Gans , 1974 de Queiroz and Rodríguez-Robles 2006; Gartner and Greene 2008) . A decrease in the resource base (which is narrow by definition), potentially leading to a decline or even extinction of a population or species, may then be more extensive in the case of extreme specialists. This may explain the rarity of obligate egg-eating snakes and their absence in North America (Gartner and Greene 2008) .
The constrained distribution of phenotypes in morphospace may simply be a consequence of many developmental, physical, and functional constraints (Arnold 1992; Schluter 1996; Klingenberg 2005) . Because most phenotypic traits are part of complex integrated functional systems, changing the morphology of one part of such an integrated system is likely to have a profound impact on the functional performance of that system as a whole and on all its functions (Herrel et al. 2001; Russell and Bauer 2005) . Specialization of the tongue for chemoreceptive purposes in snakes, for example, prevents its use in prey transport and could explain the coevolution of an alternative prey-transport mechanism: the pterygoid walk (Schwenk 1993 (Schwenk , 1994 Cundall and Greene 2000) . Even though the polarity of cause and effect between structural modifications and functional implications is difficult to unravel, a proper design of comparative and experimental work may provide some insights into the close match between structure and function (Russel and Bauer 2005) .
In many organisms, the evolution toward extreme morphologies may also be constrained by modularity (constraining interindependency of module component morphologies) or selection for developmental homeostasis (overruling selection for function on morphology; Badyaev and Foresman 2004; Klingenberg 2005; Badyaev 2006, 2007) . Consequently, selective pressures acting on one component of a module may constrain the degree of specialization of the remainder of components in the module (Badyaev and Foresman 2004) . Duplication and/or functional decoupling, allowing an organism to overcome constraints imposed by modularity, have been proposed as a major evolutionary pathway toward extreme specialization (Schaefer and Lauder 1986, 1996) . If structural or functional duplication occurs, then one of the two functional units is free to specialize without compromising the functional integrity of the system as a whole. In osteoglossomorph fish, for example, the modified hyoid system has become decoupled from its primitive function of buccal expansion during suction feeding, prey manipulation, and lower jaw depression to provide a novel way of immobilizing and macerating prey (Sanford and Lauder 1989, 1990) . Similarly, the decoupling of the hyoid from its function during respiration has allowed the evolution of the extremely specialized tongue-projection system observed in plethodontid salamanders (Deban et al. 1997; Wake and Deban 2000) .
Even though the constraining effect of extreme morphologies seems very plausible, with empirical evidence supporting it, other studies have also shown that it is not inherent. First, there is the conceptual issue of defining what is an extreme specialization and what is not (following the problems when trying to define what a "specialization" is; Ferry-Graham et al. 2002) . Second, it seems evenly plausible that morphological specializations by themselves may actually involve an increase in diet versatility because they allow an addition of prey types to the diet (compared to the generalist condition). This has, for example, been suggested for algae-scraping cichlids and scaleeating piranhas (Liem 1980; Janovetz 2005) .
Interestingly, the evolution of the trophic system in craniates, despite being a structurally and functionally complex and integrated system, is often characterized by the appearance of extreme morphologies. The goal of this introduction is to highlight cases of apparent extreme trophic specialization and function in different groups of vertebrates (mainly at the interspecific level) discussed in detail in this special issue. Additionally, we investigate, in the case studies reviewed in this special issue, whether we see any evidence of extreme morphologies constraining functional versatility and whether all high-performance systems are associated with extreme morphologies, and we explore potential ecological consequences of extreme trophic morphologies.
Extreme Morphologies and Functional Versatility
One obvious example of extreme morphologies coupled to extreme functional performance is provided in the study on the cranial movements in seahorses. This study shows that these fishes are performing at extreme speeds (Roos et al. 2009 , in this issue) and exhibit highly specialized and unique cranial morphologies, such as narrow and elongated snouts, relative to basal gasterosteiforms. The study on shark biting forces by Huber et al. and the paper on chisel digging using incisors in African mole-rats by Van Daele et al. provide nice examples of systems where demands for extreme forces are apparent in the cranial morphology (Huber et al. 2009, in this issue; Van Daele et al. 2009, in this issue) .
Especially morphologies forming the basis for extreme performance in relation to force and velocity may be expected to show a constrained functional versatility. Extreme velocities require that moving structures deviate as little as possible from their normal path, thus minimizing the distance traveled over time. Extreme forces require structural and/or material reinforcements of the components of an articulated system, to resist high muscle forces, food reaction forces, and joint reaction forces and to avoid damage or disarticulation. Natural selection could thus especially favor those phenotypes that show little deviation from these criteria of optimality. However, whether or not the variation in the moving components is lower than that of more generalized performers still needs to be tested. Ferry-Graham et al. (2002) did show that, at least for some kinematic parameters, variation is indeed narrower in specialists.
The study of morphological variation in oral and pharyngeal jaws and their relationship to trophic specialization in moray eels (Mehta and Wainwright 2007, 2008; Mehta 2009 , in this issue) suggests that the oral jaws are morphologically more constrained in durophagous moray eels, compared to the wider range of morphologies found in piscivorous anguilliforms. It is suggested that durophagy is derived for anguilliforms and thus could be an example of reduced structural (and functional) variation of extreme trophic types (durophagous eels do show limited extreme specializations, including jaw muscle hypertrophy). On the other hand, gape constraints of the oral system are suggested to be linked to the origin of a highly specialized pharyngeal jaw apparatus, with an extreme case of jaw protraction (Mehta and Wainwright 2008) .
Extreme Morphology and Extreme Performance
Interestingly, morphological specializations need not always lead to increases in performance traits associated with the ancestral function of the system. For example, even though jaw protrusion has frequently been linked to an improved suctionfeeding performance, some New World cichlids exhibiting extreme protrusion (up to 55% of head length) actually show a reduced suction-feeding performance (Waltzek and Wainwright 2003) . The study by Cundall (2009, in this issue) suggests that neuromuscular control may also be the subject of selection, where speed (in this case the speed of fang placement in vipers) is combined with kinematic versatility (i.e., correcting fang placement after a miss). The venom-spitting performance exhibited by cobras also does not seem to rely on structural specializations but rather depends on a precise control of head position coupled to a rather typical fang morphology (Young et al. 2009, in this issue) .
However, in some cases extreme performances are strongly dependent on extreme morphologies. In this volume, several cases are given that suggest such a relation. Suction-feeding performance in syngnathid fishes (seahorses and pipefishes) is extremely fast and powerful and has been linked to the presence of a narrow and elongated snout (Bergert and Wainwright 1997) . The associated four-bar mechanism, which has been suggested to be a lock-and-trigger system, allows for the storage of strain energy that is released and acts as a power amplifier during suction feeding (Muller 1987; Van Wassenbergh et al. 2008; Roos et al. 2009, in this issue) . Structural modifications of both the snout and the hyoid apparatus make this group of teleosts quite unique. Moreover, the velocities of neurocranial elevation and hyoid depression are at the extreme range of what has been recorded for teleosts in general. Interestingly, in some cases extreme performance may be dependent on specialization at the physiological or ultrastructural level. For example, storing and then releasing strain energy, possible because of the elastic properties of tendons, is known to act as a power amplifier and may enhance performance considerably (see, e.g., Alexander and Bennet-Clark 1977; Van Wassenbergh et al. 2008 ).
Similarly, specializations of the Z-disks in chameleons and helically arranged muscle fibers in the tongue protractors of chameleons and plethodontid salamanders allow for extreme muscle shortening and power amplification, respectively (for an overview, see Herrel et al. 2009, in this issue) .
Although relations between structural and functional modifications clearly exist in some groups, this is no universal pattern. Indeed, small changes in morphology may have major functional implications in some cases, whereas in other cases substantial structural changes seem to have no apparent effect on functional performance (Russell and Bauer 2005) . Because nonadaptive structural changes may arise as morphological side effects of true adaptive modifications (e.g., "spandrels" or other forms of neutral evolution), the lack of effects on performance may be more frequent than sometimes assumed. For example, bipedal running in lizards was initially assumed to be beneficial for improving running speed and energy consumption during locomotion (Snyder 1949) . Later, it was experimentally proven that this was not the case (Irschick and Jayne 1999; see also Clemente et al. 2008) . Moreover, Aerts et al. (2003) showed that bipedal running may even be a mechanical consequence of being adapted to intermittent running with high accelerations.
Ecological Consequences of Extreme Morphologies
If extreme morphologies are indeed associated with unique performance capacities that may limit the overall functional versatility of an organism, a decreased response capacity to changing environmental conditions may be the result. Sticklebacks, being at the base of the gasterosteiform clade (Nelson 2006) , and having a generalized teleostean trophic morphology, can be considered good representatives of the ancestral syngnathid morphology. As such, one would expect phenotypic variation and functional versatility to be greater than in syngnathids, thus allowing them to occupy a wider range of ecological niches. Interestingly, large phenotypic variation has been noted in three-spine stickleback (Gasterosteus aculeatus) and has been considered to be the result of selection for divergent habitat use and diet (Caldecutt and Adams 1998) . This suggests that the less specialized sticklebacks are indeed functionally and ecologically less constrained than syngnathids. Indeed, the reduced functional versatility as a consequence of the extreme morphological specialization in many syngnathids could explain (at least partially, next to fisheries pressure for the pet trade, etc.) the current vulnerable status of many syngnathids, especially the most specialized seahorses (Lourie et al. 2005) .
However, even though extreme specializations of a certain functional component within a bauplan may imply a narrowing down of the ecological capacities of an organism, this should not necessarily result in reduced fitness. Specializations of other components of the same bauplan may well compensate for this, so that the performance of the total design, and thus the fitness of the organism, may be maintained. For example, the cryptic coloration and behavior in chameleons may well compensate for being more exposed to predation during extended phases of prey transport (Herrel et al. 2009, in this issue) . Similarly, in cave-dwelling populations of a characiform fish (Astyanax mexicanus), the loss of the eye is on a sensory level compensated for by a more developed lateral line system (compared to that of surface-dwelling populations; Montgomery et al. 2001) .
Extreme morphological specializations may, on the other hand, also provide unique ecological opportunities. The South American suckermouth catfishes of the Loricariidae are known to be extremely diverse (716ϩ species ; Ferraris 2007) and to have colonized new and variable ecological niches (MontoyaBurgos 2003) . Their extreme historical divergence has been linked to paleohydrological events in South America, but the success of their adaptation to the different habitats may in part be due to some unique specializations, including the large dermal plates and highly mobile jaws supporting a sucker mouth (Schaefer and Lauder 1986; Adriaens et al. 2009 , in this issue). The increased mobility of the jaws, which has resulted in their unique ability to simultaneously suck and scrape, has been suggested to be the result of decoupling events (Schaefer and Lauder 1996) . Whether these decoupling events have resulted in increased functional versatility remains to be tested, but first indications at least show that within loricarioid catfishes, the clade having experienced the most extensive level of decoupling events (i.e., loricariid suckermouth catfishes) does show a high level of jaw mobility , in this issue) and consequently may explain the ecological success of the group.
Conclusions
Despite the integrated nature of the craniate trophic system, it does seem to be susceptible to extreme specializations, making it a model system for the study of the evolution of extreme morphologies and functions. Comparative studies quantifying phenotypic variation (at both the intra-and interspecific levels) and estimates of performance may provide a better understanding of the extraordinary results of evolutionary processes that have fascinated mankind for many centuries.
Special attention should be paid to elucidating developmental and evolutionary causative relations between components constituting extreme morphological designs, as well as between structural and functional modifications. Combining this with a robust phylogenetic framework, with a crisp understanding of behavioral and ecological preferences and versatilities of individuals, populations, and species, will provide the big picture on the evolution of extreme designs. Isn't this what we all strive for?
